The paper presents the investigation of morphological changes and simulation of circulation in the Hai Phong area, Vietnam using remote sensing and measured data for a period of . During this period, the shoreline and sea bottom relief have changed considerably. The circulation and sediment transport process were simulated by developing a modeling system. In the system, three-dimensional thermo-dynamic primitive equations were used to investigate current velocity, water level, and the sediment transport. A special computing procedure was applied to the river boundaries because the tidal range in the area is approximately 4 m. In addition to the model study, a record of field survey for the wave climate is presented in a period from 2005 to 2006. The result suggests that the wave energy is small throughout a year, and the wave-induced current is negligible in the Hai Phong estuary. The numerical results suggest that the discharge of sediment from some river mouths is the dominant factor to the morphological changes in the high tidal estuary. That might be a main reason for the high turbidity water in the Do Son area.
INTRODUCTION
Hai Phong is an active economic city in the north of Vietnam and has a principle port of the country. The surrounding area contributes to the growth of international commerce. The French colony built the Bach Dang estuary into a trade base from 1876 to 1890, and since then, the Hai Phong port has handled the country's highest cargo volume. The complex geography was formed by sediment from tributaries of the Thai Binh river system. The Hai Phong estuary is a mixed estuary in the northeastern coast of Vietnam and is connected to the South China Sea by the Gulf of Tonkin. Major sources of fresh water discharge are from the Bach Dang and Cam rivers of the Thai Binh river system, with monthly average discharges ranging from 200 m But the entrance area is a hot spot of eroded and deposited actions. Morphological changes from sediment transport have remarkably increased in recent years, creating shallower channels; the maximum depth was 11-14 m from 1934 to 1938, 10-13 m from 1960 to 1964, and 6-12 m in 1996. These channels are dredged annually to provide safe navigation in the waterway 1) . As the consequence of morphological changes, the erosion in Cat Hai Island and northern Do Son beach area is a serious issue during the southwest - monsoon season from June to September, as is turbid water in the Do Son beach area 2) . The quality of water is also of urgent concern because the beach is a natural heritage of the French colonial era. Understanding the hydrodynamic aspects in the area is crucial to discovering a solution to the deteriorating environment.
Since the changes in shorelines and bottom relief are relatively large in this area so investigation of status of erosion and deposition is required. Before a detailed assessment, the related data of remote sensing and measurements were collected. Then the problem was solved by two different tools in morphological research. The remote sensing and numerical methods will be applied because they meet the demand of large and long scale monitoring in the area.
First, the estimation of the morphological changes in the Hai Phong estuary using satellite images and historical bottom topography maps were presented. Second, a numerical simulation to estimate the spacial distributions of tidal current and sediment transport was carried out. A numerical model was used (i) to simulate the tidal circulation in both high and low tides, considering the effects of large tidal amplitude, and river discharges from the Nam Trieu and Lach Huyen river; (ii) to calculate the sediment transport rate relative to substantial forces, and (iii) to protect future erosion or depression by external forces in the estuary and turbidity in the Do Son beach area.
DATA AND METHODOLOGY (1) Remote sensing data and method
The satellite images used in this investigation are the LANDSAT TM images that cover the research area in were detected from a topographical map. Using these data sets, the shoreline changes in the Hai Phong estuary were calculated in a period of . With a series of shoreline profiles in 1965-1989, 1989-2001 and 2001-2005 , the deposited and eroded areas were estimated and calculated the sediment transport rates using GIS technology. With consideration to water level variations computed with measured data from the Hon Dau station, the Digital Elevation Models (DEM) were built from bathymetry maps published in 1965 and 2004. By integrating these DEMs, the changes of bottom relief were predicted.
(2) Coastal sea modeling system
The Hanoi University of Science-Vietnam National University (HUS-VNU) modeling system, a threedimensional (3D) hydrodynamic ocean system 3) , was applied to study nearshore currents in the research area. This model solves a problem involving free surface, three velocity components, temperature, salinity and turbulent kinetic energy, which are later used to compute the vertical diffusion coefficient through the classical k-l model. The HUS-VNU standard model, developed from GeoHydrodynamics and Environmental Research (GHER) Model of University of Liege, is a 3D hydrostatic primitive equation (PE) model that uses an Arakawa C-grid in the horizontal axis and sigma-coordinate in the vertical axis. Further details of the GHER model can be found in studies conducted by Beckers 4) and Barth et al. 5) . The HUS-VNU system consists of four individual models: (i) classical 3D PE model, (ii) surface forcing model, (iii) BBL model, and (iv) sediment transport model. The boundary conditions can be determined using river discharge, tidal fluctuation, wind stress, and wave force. In addition, the Smagorinsky scheme was used to parameterize horizontal subgrid processes. In the 3D PE model, the horizontal viscosity was computed using the following equation that considers a Prandtl frequency M as
where 
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The drag coefficient D C can be expressed as . By parameterizing the effect of waves on the airflow, Janssen 6) found that the airflow stress over surface gravity waves is given by
where z u = horizontal wind speed at z ,  = von Karman coefficient, e z = surface elevation, and 0 z = roughness length. In the BBL model, the bottom shear stress was calculated analytically using current velocity at the point near the bottom layer. The total skin friction velocity in the current and wave coexisting field is given by are bottom stress due to current and wave, respectively. According to Grant and Madsen 7) and WAMDI group 8) , these stresses are expressed as 
where f w = wave friction factor, bc k = apparent bottom roughness caused by turbulence in the wave boundary layer. At each river mouth, instead of water discharge, the total water level was added as
where  = total water level at a river mouth, t  = tidal level,   = water level due to river discharge, and v = average velocity at the river mouth. The 3D sediment transport model, the model for suspended transport of sediments, is expressed using Fick's diffusion equation as 
where Q = source term describing the quantity of sediment per unit area, E = resuspension source, and D = deposition source at the bottom. These source terms depend on the total skin friction shear velocity q depends on the critical velocity characterized by the sediment type and the total skin friction velocity determined by the flow feature. In this model, the method of Van Rijn 9) was used to compute the bed load transport.
The HUS-VNU modeling system has been applied to the near-shore flow in the Hai Phong estuary, where the water creates a shallow and topographically complex strong tidal system. The following numerical experiments were also performed to investigate sediment problems in the Hai Phong estuary. The nearshore circulation was simulated under tide, and water discharge variables. The sediment transport rate was then calculated relative to the substantial forces, and the time of sediment concentration was recorded over a tidal cycle. Finally, the most important goal is to understand the erosion and depression mechanism on the sea bottom and to interpret turbidity in the Do Son beach area. The HUS-VNU modeling system provided five layers in the sigma coordinates with a special resolution of 200 m. The model was run for 15 days to cover the dry season in which wind speed is negligible.
RESULTS (1) Morphological changes
In the Hai Phong estuary, the shoreline has changed considerably in a period of 1965-2005. The deposited area was developed in the west side of the estuary especially around the Lach Tray and Cam river mouths. Fig. 2 shows the deposited areas near the Lach Tray river mouth that expanded about 2.5 km in the north and 2.3 km in the south, the Cam river mouth that expanded about 1.5 km in the south west of Dinh Vu, and the Bai Nha Mac that expanded about 1 km in the north of Dinh Vu. The sea area has decreased near the Nam Trieu river mouth because the sediment deposited in the north of Dinh Vu as well as in the south of Bai Nha Mac (Fig.  3) . To assure the rapid economic growth in northern Vietnam, a demand for more land will increase in the Hai Phong bay area. Consequently, the reclaimed land will change the current pattern and sediment transport behavior. Table 1 Fig. 1 ). The measured significant wave height was from 0 to 2.3 m. The typical height falls into the range of 0-1.5 m in the observation period of 14 months. It is relatively large in the summer monsoon season between June and September. The wind direction is almost southeast (SW). In contrast, the wind direction is northeast (NE) in the winter monsoon season, but the dominant wave direction is southwest (SW).
The transformation of propagating waves from offshore to onshore could be investigated using these datasets. A wave observation was conducted off the Hai Phong city from August 1 to August 7 in 2008 using pressure-type wave gauges.
The observation points are indicated as A (20°41.5'N, 106°54.2'E), B (20°44.8'N, 106°53.8'E), and C (20°47'N, 106°53.5'E) in Fig. 1. Fig. 5 shows the time-dependent variations of the significant wave height at the three sites. The significant wave height varied from 0. (Fig. 5) , the averaged value of gradient of the energy flux is very small: e.g.
. Therefore, the following results are estimated (1) The energy dissipation due to the bottom friction and breaking is negligible in the estuary, and (2) The longshore currents are weak. That means the cause of sediment transport is not the waveinduced current. However, the wave action plays an important role in mixing and turbid off the Do Son beach. In the present numerical simulation, therefore, the wave effects were omitted.
(3) Tidal current and trend of sediment transport
During 20 years from 1965 to 2005, the current field must have changed due to the large changes of topography. Investigation of the change in magnitude and direction of near-shore circulation is a challenge to oceanographers for solving the serious problem of sediment transport in the research area. However, the limitation is the lack of a huge measured dataset of bathymetry and hydrodynamic quantities. This investigation could only describe the characteristics of current fields and tendency of sediment transport due to tide, river discharge, with bathymetry retrieved from a topography map of 2004.
Figs. 6 and 7 show two instances of near-surface velocity vector plots at flood and ebb tides. The speed of water flow is about 50 cm/s and that is reasonable when compares to field data. The most notable example is found in the comparison of two different tidal phases in the western and eastern areas of the bay. During flood and ebb tides, the surface water creates shoreward and seaward flows, respectively, in the western area but the flow is reversed in the eastern part of the bay. The seasonal effects may cause more serious damage to coasts than daily effects such as tidal currents because the storm surge inundates low lands, erodes beaches in the storm or typhoon season. The extent and severity of storm impact has recently increased as result of regional climate change. The Do Son beach area is of special interest because the coast suffered great losses from several typhoons in the past three decades. Nevertheless, the area will remain the most important zone for resort and tourism in the north of Vietnam.
The current velocity of the tide causes the onshoreoffshore sediment transport, whereas waves sometimes have an important influence on the longshore sediment transport. The volumetric sediment rate are determined using a unit width of the vertical plane extending from the bottom to the water surface. We assumed a silt bottom and several river mouths at Hai Phong Bay. Fig.  8 shows the tendency of sediment transport by tidal currents after the 15-day run. Two extreme discharges are 100 m 3 /s in the dry season and 1,000 m 3 /s in the wet season. The sediment concentrates off the mouth of Lach Huyen river represent the smallest discharge case, but a stretch of suspended sediment is wider in the largest discharge case. Although the amount of river discharge influences sediment transport, the ratio of the discharges at all river mouths is the most important parameter. Note that the suspended sediment reaches Do Son in both cases and results in high turbidity of water in the beach area. The present calculations suggest that the high-sediment water is transported to the southeastern and eastern parts of Cat Ba Natural Reserve Island recently polluted by high-turbidity water.
CONCLUSIONS
The morphological changes and hydrodynamic characteristics in the Hai Phong estuary were investigated. The geographical result shows complex bottom relief due to sediment transport. The creation of large deposition area in the Lach Tray river mouth and the turbid water in the Do Son beach were confirmed using a numerical model. By using observed values of sea and river mouth water levels, the time-dependent velocity and sediment structures have been numerically simulated for the Hai Phong estuary. The results of the simulation have provided new insight into the physical processes involved in the near-shore circulation and sediment transport. The simulation results showed that sediment concentration near coasts is very high, even in the absence of wind. The total amount of river discharge is important in changing the sediment distribution. The substantial variation in sediment field caused by small discharge is significant at the Do Son beach, where water turbidity has recently increased.
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